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Surrogate Light Chain Expression Is Required
to Establish Immunoglobulin Heavy Chain
Allelic Exclusion during Early B Cell Development
Dirk LoÈ ffert, Andreas Ehlich, prevents further IgH gene recombination (Figure 1). This
ordered model of rearrangement, initially based on workWerner MuÈ ller, and Klaus Rajewsky
using transformed B cell precursors, is supported byInstitute for Genetics
studies with m chain transgenic and gene knockoutUniversity of Cologne
mice. First, m chain transgenic mice show greatly de-Weyertal 121
creased levels of VHDHJH rearrangements at the endoge-D-50931 Cologne
nous IgH loci, suggesting an inhibitory effect of theFederal Republic of Germany
transgene-encoded m chain on endogenous VH→DHJH
joining (Rusconi and KoÈ hler, 1985; Weaver et al., 1985;
Manz et al., 1988; Nussenzweig et al., 1988). Second, B
Summary cells of mice carrying a disrupted membrane exon of
the m chain on one IgH allele (mMT mice, Kitamura et
Allelic exclusion at the IgH locus was examined in B al., 1991) show allelic inclusion of the targeted IgH chain
lineage cells of wild-type mice and mice unable to locus, suggesting that expression of a membrane-
express the surrogate light chain molecule l5 using bound m chain generates a signal leading to inhibition
a single-cell PCR approach. By analyzing B precursor of VH→DHJH recombination at the IgH locus (Kitamura
cells containing two VHDHJH rearrangements, we found and Rajewsky, 1992).
that in wild-type animals, cells are allelically excluded With respect to the B cell precursor population, the
as soon as m chains are expressed. Furthermore, we ordered model would predict that cells are allelically
provide evidence that in cells expressing Dm proteins excluded already at very early developmental stages;
VH→DHJH rearrangement is inhibited. In contrast, in the namely, as soon as they express m chains. Our previous
absence of l5 protein, B precursor cells were alleli- analysis (Ehlich et al., 1994) showed that CD432 precur-
cally ªincluded,º indicating that allelic exclusion at the sors are indeed allelically excluded; however, that study
IgH locus requires expression of the pre-B cell recep- did not address this question for cells at the preceding
tor either containing a m chain or a Dm chain. However, CD431 stage.
although m chain double-producing B precursor cells By studying transformed pre-B cell lines, it was dis-
are generated in l5-deficient mice, such cells were covered that the m chain associates with a surrogate L
not detected among surface immunoglobulin positive chain encoded by the two genes VpreB and l5 (Pillai
B cells. and Baltimore, 1987; Karasuyama et al., 1990; Takemori
et al., 1990; Nishimoto et al., 1991; Tsubata and Reth,
1990). This so-called pre-B cell receptor can be ex-
Introduction pressed on the cell surface (Tsubata and Reth, 1990;
Lassoued et al., 1993; Karasuyama et al., 1993; Winkler
B cell antigen receptor genes are assembled by a pro- et al., 1995) and is active in signal transduction (Tsubata
gram of somatic gene rearrangements from variable re- et al., 1992). This has led to the hypothesis that m chain±
gion genes (VH), diversity genes (DH), and joining ele- mediated allelic exclusion requires the assembly of the
ments (JH) at the immunoglobulin heavy chain (IgH) loci m chain and the surrogate L chain into a pre-B cell
and from VL and JL genes at the immunoglobulin light receptor complex (Figure 1; Rolink and Melchers, 1991;
chain (IgL) loci, respectively (reviewed by Tonegawa, Rajewsky, 1992; Bauer and Scheuermann, 1993).
1983). At the IgH locus, first DHJH rearrangements are Early pre-B cells can also express a second form of
assembled on both chromosomes, and this is followed a pre-B cell receptor that contains a truncated m chain
by VH→DHJH joining (Alt et al., 1984). If the VH→DHJH re- lacking the VH domain (Reth and Alt, 1984). This so-called
arrangement creates an open reading frame, i.e., is pro- Dm protein is expressed from DHJH rearrangements in
ductive, a heavy chain of class m is expressed. Although one of the three possible DH reading frames (reading
B lineage cells can undergo VHDHJH rearrangements on frame [RF] 2 in the nomenclature of Ichihara et al., 1989)
both IgH loci, only one of both IgH alleles is expressed and associates with l5 and VpreB as conventional m
by a B cell, i.e., B cells are allelically excluded. chains do (Tsubata et al., 1991). Interestingly, DH ele-
Several models have been proposed to account for ments joined in the Dm protein encoding RF are rarely
allelic exclusion. The stochastic model suggests that found in DHJH and VHDHJH complexes of surface immuno-
allelic exclusion of IgH loci is due to a low probability globulin (sIg)2 pre-B cells and peripheral B cells (Meek,
to yield two productive VHDHJH rearrangements in a cell 1990; Gu et al., 1991a; Kaartinen and MaÈ kelaÈ , 1985).
within a given time period (Coleclough et al., 1981; Wal- Whereas most productive VHDHJH joints of peripheral B
field et al., 1981; Langman and Cohn, 1987; Cohn and cells contain DH genes joined to JH segments in RF1,
Langman, 1990). In a second model, Wabl and Steinberg RF1 and RF3 are equallyutilized innonproductive VHDHJH
(1982) proposed that expression of both IgH chain loci joints. This underrepresentation of RF3 in productive
is toxic for the respective cell and leads to the death of joints is due to stop codons present in most DH elements
m chain double producers. While these models assume if read in that frame (Kaartinen and MaÈ kelaÈ , 1985; Gu et
that VH→DHJH joining proceeds independently at both al., 1991a). B cells of heterozygous mMT mice (Kitamura
alleles, Alt et al. (1981, 1984) postulated that m chain et al., 1991) show no counterselection against RF2 in
DHJH joints on the targeted H chain allele (Gu et al.,expression from a productive VHDHJH rearrangement
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Figure 1. Patterns of IgH Gene Rearrange-
ments during B Cell Development
According to the ordered model, expression
of a Dm or conventional m chain inhibits
VH→DHJH joining, leading to the suppression
of pathways marked by a cross. Asterisk,
pre-B cell receptor, containing a Dm (left) or
m (right) chain. IgL chain gene rearrangement
is not considered in this figure.
1991a). From this result, Gu and coworkers (1991a) hy- et al. (1991), sIg2 B cell precursors in mouse bone mar-
row are resolved into CD43 expressing B progenitorpothesized that cells expressing membrane-bound Dm
proteins are impeded in further development because cells and CD432 pre-B cells. CD431 B cell progenitors
can be further dissected into fractions A, B, C, and C9the Dm protein, similar to a conventional m chain, pre-
vents VH→DHJH recombination (Figure 1), as had been according to the expression of cell surface markers
CD45R/B220, CD43/S7, HSA, and BP-1 (Hardy et al.,earlier suggested in a more general way by Reth et al.
(1985) and Lennon and Perry (1985). Thus, Dm protein 1991). Whereas at the CD432 pre-B cell stage all cells
already contain productive VHDHJH joints, the CD431expressing B cell progenitors would provide a model
system to study allelic exclusion at the IgH locus. compartment comprises cells undergoing DH→JH and
VH→DHJH rearrangements (Ehlich et al., 1994). It has beenMutant mice lacking either a (membrane-bound) m
chain or the l5 component of the pre-B cell receptor suggested that CD432 (or CD43lo) cells undergo rapid
proliferation before they differentiate into small restingshow a severe block in early B cell development, indicat-
ing that this receptor complex is essential in guiding pre-B cells (Karasuyama et al., 1993). Therefore, to ex-
clude the possibility of counterselection of m chain dou-early differentiation steps in B cell development (re-
viewed by LoÈ ffert et al., 1994). If exclusion of the second ble producers during such a proliferative phase, we iso-
lated single progenitor cells that are still at the CD431IgH allele also is achieved through pre-B cell receptor
signaling, one would predict that allelic exclusion is not stage (cells of fraction C [B2201CD431HSA1BP-11]
where cells have been detected that contain VHDHJH re-established in precursor B cells lacking pre-B cell recep-
tor expression. Surprisingly, however, Kitamura et al. arrangements at both chromosomes; Ehlich et al., 1994).
Cells carrying productive VHDHJH rearrangements were(1992) found that peripheral B cells of l5-deficient mice
are allelically excluded. Thus, either the hypothesis of enriched by isolating single cytoplasmic m1 cells. From
these cells, VHDHJH and DHJH joints were amplified bypre-B cell receptor±mediated allelic exclusion is incor-
rect, or, in contrast with the situation in wild-type mice, PCR and sequenced. The sequences representing re-
arrangements of those cells carrying two VHDHJH jointsdouble-producing precursor cells are indeed generated
in l5-deficient mice but do not enter the pool of mature are shown in Table 1.
Assuming that the distribution of productive and non-B cells.
We have addressed this issue of allelic exclusion in productive VHDHJH joints is random in B cell progenitors,
14% of the m1 cells containing two VHDHJH rearrange-the B cell precursor compartment by analyzing single
cells for their IgH gene rearrangements. Furthermore, ments would be expected to express m chains from both
IgH loci (taking into account that one-third of the jointsto answer the question whether the second form of the
pre-B cell receptor (containing a Dm protein) is indeed carry the VH gene sequence in frame with the JH element,
and that approximately 80% of the DH genes encodecapable of signaling allelic exclusion, we followed the
usage of the Dm protein encoding RF at various stages stop codons when joined to a JH element in RF3 [Gu et
al., 1991a]; note that the predicted number of doubleof B cell development by the analysis of DHJH and VHDHJH
rearrangements isolated by polymerase chain reaction producers might vary between 11%±14% depending on
whether RF2 counterselection is taken into consider-(PCR) from B lineage cell populations. By using wild-
type and l5-deficient mice in these analyses, we were ation). In contrast with this expectation, all 21 B progeni-
tor cells that contained two VHDHJH rearrangements car-able to distinguish between the role of the m chain (or
Dm protein) and its respective pre-B cell receptor for ried only one productive VHDHJH joint (Table 2).
It thus appears that allelic exclusion at the IgH locusallelic exclusion at the IgH locus.
is established early in B cell development, as soon as
m chains are expressed.Results
Early B Progenitor Cells Are Allelically Allelic Inclusion at the IgH Locus in Early B
Progenitor Cells of Mice UnableExcluded Already at the CD431 Stage
The analysis of IgH gene rearrangements at the level of to Express l5 Protein
To investigate whether allelic exclusion at the IgH locusindividual cells (Ehlich et al., 1994; Ehlich and KuÈ ppers,
1995) allows us to address directly the question whether can be established by m chains alone or whether this
process requires also the presence of the surrogate Lallelic exclusion at the IgH locus is established by m
chain expression. Using multicolor flow cytometry, sin- chain, we examined VHDHJH rearrangements in B cell
progenitors of l5-deficient mice isolated from the samegle cells were isolated from the precursor compartment
in which IgH gene rearrangements become first detect- cellular fraction that was analyzed in wild-type mice
(cytoplasmic m1 cells of fraction C).able. In the flow cytometric system developed by Hardy
Pre-B Cell Receptor±Mediated Allelic Exclusion
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Table 2. Numbers of B Lineage Cells Carrying Two VHDHJH
Rearrangements Isolated from l5T Mice and C57BL/6 Wild-
Type Mice
Cells Mouse strain VDJ1/VDJ2 VDJ1/VDJ1
CD431 cm1 pro-B cells C57BL/6 21* 0
(fraction C) l5T/l5T 11 5
Splenic B cells l5T/l5T 12 0
Data are summarized from Table 1. The absence of double produc-
ers from the CD431 B cell progenitor compartment of wild-type
mice is statistically significant as is shown by a p value below 0.05
(Fischer's exact test). Asterisk, including two cells previously de-
scribed by Ehlich et al. (1994) and V. Martin and K. R. (unpublished
data), respectively.
Figure 2. Newly Generated B Cells of l5-Deficient Mice Are Alleli-
cally Excluded at the Level of Immunoglobulin Cell Surface Ex-
pressionIf the surrogate L chain molecule l5 is essential for
Flow cytometric analysis of newly generated B cells from a 8-week-oldm chain±mediated allelic exclusion, in l5-deficient mice
F1(C57BL/6 3 BALB/c) mouse (left) and a 4-week-old F1(l5T/about 14% of the m1 cells containing two VHDHJH joints
l5T,IgHa 3 l5T/l5T,IgHb) mouse (right) for the presence of m chainshould be m chain double producers (see above). Experi-
allotype double-producing cells.
mentally, we found 5 potential double producers among
16 progenitors that harbored two VHDHJH joints (Table 2;
generated B cells in wild-type and l5-deficient miceTable 1, cells l5cf4.4, l5cf92, l5cf98, l5cf127, l5cf158).
heterozygous for the m chain allotypes a and b.This finding indicates that allelic exclusion at the IgH
As depicted in Figure 2, in l5-deficient mice and inlocus requires coexpression of a m chain and the surro-
control animals only 2.2% and 1.7% of the cells, respec-gate L chain component l5 in early B progenitor cells.
tively, stained positive for both allotypes (varying fromWe do not have a good explanation why we found, in
1.6%±2.7% of sIgM1sIgD2 bone marrow B lymphocytesthe l5-deficient mice, more cells bearing two in-frame
in different experiments; data not shown). To find out
VHDHJH joints than theoretically expected (5 instead of whether these few cells are indeed double producers,2). If it were due to statistical variation, this result would
we examined the IgH gene rearrangements of four such
have a probability of around 5%.
cells by single-cell PCR. One cell carried a combination
of a productive and a nonproductive VHDHJH joint and
each of the three other cells contained a productivesIg1 B Cells of l5-Deficient Mice
VHDHJH joint and a DHJH rearrangement (data not shown).Are Allelically Excluded
This result suggests that the observed double producersIn contrast with the frequent observation of progenitor
in the compartmentof newly generated B cells representB cells in l5-deficientmice containing productiveVHDHJH a staining artifact.rearrangements at both IgH alleles, Kitamura et al. (1992)
We conclude that double-producing B progenitor
did not detect double-producing mature B cells by
cells in l5-deficient mice are already eliminated before
cytoplasmic staining of lipopolysaccharide-activated
they express antibody molecules on the cell surface.
splenic B cells for the m chain allotype in that mouse
mutant. Since it cannot be excluded that this system Dm Proteins Mediate Allelic Exclusion in
selects against double producers, we directly analyzed Early B Progenitor Cells in Conjunction
ex vivo VHDHJH rearrangements of single B2201sIgM1 with the Surrogate L Chain
splenic B cells of l5-deficient mice by single-cell PCR
In support of the model of Dm protein±mediated allelic
(see Table 1). exclusion at the IgH locus, Ehlich et al. (1994) found a
Each of 12 splenic B cells containing two VHDHJH random distribution of DH RFs in early B cell progenitors
rearrangements carried only one productive re- harboring two DHJH rearranged alleles, whereas Dm pro-
arrangement, while the second VHDHJH joint was nonpro- tein±encoding joints (RF2) were strongly underrepre-
ductive (Table 2). This result suggests that, in contrast sented in cells that carried a DHJH joint and a VHDHJH
with thesituation in the progenitor compartment, splenic rearrangement. This result contradicts the hypothesis
B cells of l5-deficient mice are allelically excluded at of Haasner et al. (1994), which proposes that Dm proteins
the IgH locus. prevent proliferation of the respective B progenitor cell
To assess the question at which developmental stage that leads to outgrowth of mainly those B cell precursors
double-producing B lineage cells are eliminated in the that carry DHJH joints in RF1 and RF3.
mutant animals, we examined newly generated B cells To investigate whether, as suggested, down-regula-
(B2201sIgM1sIgD2) in the bone marrow of l5-deficient tion of VH→DHJH joining by Dm protein expression is de-
and wild-type mice. Newly generated B cells are thought pendent on the presence of the surrogate L chain, we
to be the direct descendants of CD431 progenitor cells compared the DH element RF usage in IgH gene re-
in l5-deficient mice, because this mouse mutant essen- arrangements in B lineage cells of various develop-
tially lacks CD432 B cell precursors (Ehlich et al., 1993). mental stages between wild-type and l5-deficient mice.
For details, see Experimental Procedures.The analysis was carried out by staining sIg on newly
Pre-B Cell Receptor±Mediated Allelic Exclusion
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Table 3. DH Reading Frame Usage in DHJH and VHDHJH Rearrangements of CD431 and CD432 B Cell Progenitor Cells as well as of
Splenic B Cells of Wild-Type and l5-Deficient Mice
Wild-type mice l5T/l5T mice
Cells Rearrangement RF1 RF2 RF3 RF1 RF2 RF3
CD431 B cell progenitors DJ 9 9b 9 19 (1) 19 19
VDJ1 27 4 4 6 5 1
VDJ2 9 2b 11 8 6 7
CD431 cm1 B cell progenitorsa VDJ1 9 (3) 0 0 7 7 5
VDJ2 8 1 5 3 3 4
CD432 B lineage cells DJ 12 (1) 1 8
VDJ1 24 (1) 8 5 2
VDJ2 5 2 7
Splenic B cells DJ 7 1 9 10 (1) 3 10
VDJ1 12 (1) 1 1 11 (3) 8 4
VDJ2 2 2 1 6 (5) 6 6
6 0 61
Splenic B cellsa VDJ1 ND 2 (3) 5 1
VDJ2 2 (2) 2 4
Numbers in parenthesis represent DHJH or VHDHJH joints with sequence homology at the recombinatorial breakpoints. IgH joints utilizing RF2
are represented in bold. For each cellular fraction, productive and nonproductive VHDHJH rearrangements were obtained from the same library.
For details, see Experimental Procedures. The statistical analysis using the x2 test indicates a nonrandom RF usage in VHDHJH joints of the
CD431 progenitor compartment as well as in DHJH and VHDHJH rearrangements isolated from B lineage cells of other developmental stages
due to the underrepresentation of RF2 in wild-type mice (p , 0.05; except for VHDHJH2 rearrangements isolated from CD432 B lineage cells
and unselected VHDHJH2 joints from splenic B cells due to the low number of joints analyzed in these cases). A plus indicates nonproductive
VHDHJH rearrangements selectively isolated (see Experimental Procedures). A dash indicates not analyzed (l5T mice lack CD432 pre-B cells).
a Rearrangements obtained in the single-cell analysis; data taken from Table 1.
b Rearrangements utilizing RF2, including one nonproductive joint caused by a stop codon at the DH±JH border.
ND, not done.
Dm protein±encoding DHJH joints (RF2) are readily de- In striking contrast with the RF usage in VHDHJH re-
arrangements of wild-type mice, VH→DHJH recombina-tectable in cells of the CD431 B cell progenitor compart-
ment in wild-type and in l5-deficient mice (Table 3). In tion in l5-deficient mice involves Dm protein±encoding
joints as frequently as DHJH joints in RF1 and RF3: 5 ofwild-type animals, 30% (8 of 27 DHJH joints) of the DHJH
rearrangements in this cell population represent DHJH 12 productive and 6 of 21 nonproductive VHDHJH re-
arrangements isolated from CD431 progenitor cells uti-joints in RF2, and in l5-deficient mice, 33% (19 of 57
DHJH joints) of such joints are found among all DHJH lized RF2 (Table 3). Again, this RF distribution is paral-
leled by that found in the single-cell analysis with 37%rearrangements. In contrast with this finding, DHJH joints
utilizing RF2 are strongly underrepresented at all later of the productive (7 of 19 VHDHJH joints) and 30% of
the nonproductive (3 of 10 VHDHJH joints) VHDHJH re-stages in B cell development in both wild-type and l5-
deficient mice (Table 3). arrangements using RF2. Furthermore, insplenic B cells,
35% of the productive (8 of 23 productive VHDHJH joints;Although DHJH joints of CD431 B precursor cells are
generated in all three RFs, we observed an underrepre- 5 of 8 productive VHDHJH joints in the single-cell analysis)
and 33% of the nonproductive (6 of 18 nonproductivesentation of the Dm protein encoding RF in both produc-
tive (4 of 35 VHDHJH joints, 11%; 0 of 12 VHDHJH joints VHDHJH joints; 2 of 8 nonproductive VHDHJH joints in single
cells; Table 3) VHDHJH rearrangements used this RF. Cellsin the single-cell analysis) and nonproductive VHDHJH
rearrangements in the same cell population in wild-type carrying a productive VHDHJH joint and a Dm protein±
encoding rearrangement seem to be underrepresentedmice (1 of 21 VHDHJH joints, 5%; a second joint utilizing
RF2 is not scored in this context because of a stop in the peripheral B cell compartment (Table 3), although
the number of DHJH joints analyzed in this case is rela-codon at theDH±JH border preventing Dm protein expres-
sion; 1 of 14 VHDHJH joints in single cells, 7%; Table tively low. However, these cells are as frequently gener-
ated in the bone marrow as CD431cm1 cells harboring3). Furthermore, only few VHDHJH joints containing a DH
element in RF2 were observed in CD432 B lineage cells DHJH rearrangements in RF1 or RF3 (data not shown).
The apparent counterselection of cells coexpressing mand splenic B cells (Table 3).
The observation that RF2 is underrepresented in and Dm proteins could be due to an impaired ability
of these cells to express regular antibody moleculesVHDHJH but not DHJH joints at the same developmental
stage leads us to the same conclusion as that drawn by because of the formation of m/Dm chain heterodimers.
From the finding that RF2 is underrepresented inEhlich and coworkers (1994); namely, that those CD431
progenitor B cells that may express a Dm protein do not VHDHJH joints in wild-type but not in l5-deficient mice,
we conclude that Dm protein±mediated down-regulationproceed with VH→DHJH joining and are therefore arrested
in their development. of VH→DHJH recombination requires l5 gene expression.
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Discussion locus, because expression of RAG1 and RAG2 genes is
again up-regulated inm1 small pre-B cells that undergo L
chain gene rearrangements (Grawunder et al., 1995).Evidence for the Ordered Model of IgH Gene
Rearrangements: Allelic Exclusion Mediated In line with the model of m chain±dependent regulation
of VH→DHJH recombination, we provide further evidenceby m Chains and Dm Proteins in Cells
of the IgH Gene-Recombining that Dm proteins similarily mediate allelic exclusion at
the IgH locus as had been also indicated by experimentsProgenitor Population
How allelic exclusion is established at the IgH locus, of Ehlich et al. (1994). The strong underrepresentation
of the Dm protein encoding RF2 in VHDHJH joints but noteither by selection against double producers or by pre-
venting a second VHDHJH rearrangement once an IgH DHJH joints of B progenitor cells at the same develop-
mental stage is most easily explained by assuming thatallele is productively assembled, is still a matter of
debate, since experimental work has not so far allowed Dm protein expression, possible only from DHJH re-
arrangements in RF2, leads to inhibition of VH→DHJHa directanalysis of allelic exclusion at the developmental
stage at which it is established (see Oancea and Shul- joining in that cell. Those cells could not generate a
VHDHJH joint that seems to be required for a CD431 Bman, 1993; Rajewsky et al. 1993; Wabl and Steinberg,
1993). As a special problem, m chain transgenic mice, progenitor cell to enter the next developmental stage,
the compartment of CD432 pre-B cells (Ehlich et al.,although they show greatly decreased levels of endoge-
nous VHDHJH rearrangements, often contain a substantial 1993; Reichman-Fried et al., 1993; Young et al., 1994;
Spanopoulou et al., 1994; Ehlich et al., 1994). In supportfraction of double-producing B cells coexpressing the
transgene-encoded m chain and endogenous m chains of this view and in accord with the earlier data of Gu et
al. (1991a), we show that CD432 pre-B cells essentially(summarized by Cohn and Langman, 1990; Lam et al.,
1993; Imanishi-Kari et al., 1993). lack DHJH joints utilizing RF2 (Table 3), suggesting that
Dm protein expressing CD431 progenitor B cells areThe ordered model of IgH gene rearrangements
makes the critical prediction that H chain allelic exclu- blocked from further differentiation.
Thus, the present data indicate that in wild-type mice,sion should be established already in the earliest pro-
genitor population that containsVHDHJH rearrangements; allelic exclusion at the IgH locus is established as soon
as B progenitor cells express a m chain or a Dm protein.namely, cells at the CD431 stage. This prediction had
not been tested so far. Our previous finding that CD432 This finding supports the view of the ordered model of
IgH gene recombination that postulates a regulatorypre-B cells are allelically excluded (Ehlich et al., 1994),
does not exclude the possibility that double-producing function of the m chain, exerting an inhibitory effect on
further VH→DHJH recombination.B cell progenitors are generated at an earlier develop-
mental stage (i.e., that of the CD431 progenitors). Such
early double producers could have a survival disadvan-
Allelic Exclusion at the IgH Locus Requirestage or could be competed out by allelically excluded
Pre-B Cell Receptor Expressionproliferating progenitor cells during further maturation.
Mutant mice lacking a component of the pre-B cell re-The present study demonstrates that B cell precursors
ceptor (either functional m chains in JHT mice [Gu et al.,are already allelically excluded at the developmental
1993; Chen et al., 1993] and mMT mice [Kitamura et al.,stage at which IgH gene recombination occurs. The find-
1991] or the surrogate L chain molecule l5 [Kitamuraing that in CD431 cytoplasmic m1 cells that carry two
et al., 1992]) show a severe block in early B cell develop-VHDHJH rearrangements only one VHDHJH joint is produc-
ment, indicating that the pre-B cell receptor guides thetive indicates that m chain expression leads to down-
transition of CD43-expressing B progenitor cells to theregulation of VH→DHJH recombination in the respective
stage of CD432 pre-B cells (Ehlich et al., 1993).progenitor cell. From a mechanistic point of view, the
Since the block in B cell development in l5-deficientinitial step of allelic exclusion might include the m chain±
mice is not complete, one can analyze in these animalsdependent transcriptional or posttranscriptional control
allelic exclusion at the IgH locus at various stages in Bof the recombination activating genes RAG1 and RAG2,
cell development in the absence of surrogate L chainwhose gene products are crucial for the initiation of
expression. Using l5-deficient mice, we were thus ableVHDHJH recombination (Schatz et al., 1989; Oettinger et
to differentiate whether the membrane-bound m chainal., 1990; van Gent et al., 1995). Lin and Desiderio (1994)
as such or the pre-B cell receptor is essential for allelichave shown that RAG2 protein accumulates during the
exclusion at the IgH locus.G1 phase of the cell cycle, while it is decreased in S,
In contrast with our finding that early progenitor cellsG2, and M phase. Since it has been suggested that B
are allelically excluded in wild-type mice, 5 of 16 cyto-progenitor cells undergo rapid proliferation once they
plasmic m1 CD431 B progenitor cells with two completelyhave acquired a functional VHDHJH joint (Karasuyama et
rearranged IgH loci were found to be allelically includedal., 1993), the m chain±dependent transition from G1 to
in the absence of l5 gene expression (Table 2). Thus,S phase might lead to suppression of VH→DHJH recombi-
VH→DHJH recombination can proceed in the presence ofnation due to the degradation of RAG2 protein (Lin and
a m chain, but is blocked once the m chain is assembledDesiderio, 1995). In aggreement with this notion, Gra-
into a pre-B cell receptor. By analogy, in Dm protein±wunder et al. (1995) recently found that in m1 large B
expressing B progenitor cells, allelic exclusion is abro-progenitor cells RAG1and RAG2mRNA levels aredown-
gated in the absence of l5 protein as shown by theregulated, in contrast with m2 progenitor cells. However,
frequent usage of the Dm protein encoding RF in VHDHJHthe control of RAG gene expression by m chains cannot
be the only factor controlling allelic exclusion at the IgH joints at all stages in B cell development (Table 3).
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Recently, Papavasiliou and colleagues (1995) demon- encoding RF2 in DHJH (but not in VHDHJH) rearrangements
of B cells from l5-deficient mice (Table 3) could be takenstrated that VH→DHJH joining proceeds in B cell progeni-
tors of mice that express a transgene-encoded m chain as support of this notion. However, this or any other
mechanism of counterselection of allelically included Bthat does not associate with the Iga±Igb heterodimer.
In the wild type, these two polypeptides associate with lineage cells would only apply to the l5-deficient mouse
mutant and perhaps evolutionary times before the inven-the m chain and are supposed to function in signal trans-
duction via the B cell antigen receptor (reviewed by tion of the pre-B cell receptor. In the wild type, double-
producing cells are apparently not generated at anyCambier et al., 1994). This finding implies that allelic
exclusion is connected to a signaling function of the stage of progenitor development, most likely owing to
the inhibition of VH→ DHJH joining by a signal deliveredm chain. Our experiments provide evidence that this
putative signaling function of the m chain is mediated through the pre-B cell receptor.
by a pre-B cell receptor (involving either a conventional
Experimental Proceduresm chain or a Dm chain), and supports the idea that these
two pre-B cell receptors prevent the recombination ma-
Cell Preparationchinery from further VH→DHJH joining.
Single-cell suspensions from spleens of l5T mice (Kitamura et al.,
1992) and 129/Sv mice (bred in our animal facility) were prepared
by crushing splenic tissue, and from bone marrow (femur) of
Why Do Allelically Included B Cell Progenitors Not C57BL/6 mice (Bomholtgaard, Denmark) and l5T mice by flushing
Significantly Contribute to the Peripheral B Cell bones with medium (Dulbecco's modified Eagle's medium con-
taining 5% fetal calf serum). Erythrocytes were removed from thePool in l5-Deficient Mice?
preparations by lysis with Tris-buffered 0.165 M NH4Cl. Bone marrowTwo interpretations offer themselves to explain the vir-
single-cell suspensions were washed by centrifugation through fetaltual absence of double producers in the B cell popula-
calf serum. Mice were analyzed at the age of 8±14 weeks.tion of l5-deficient mice despite their presence in the
compartment of CD431 progenitors. Either such B cells Flow Cytometric Analysis of Newly Generated B Cells
are counterselected at the expense of allelically ex- Bone marrow single-cell suspensions were prepared as described.
cluded B cells, or the double-producing progenitors do Analysis of cells was performed by staining pooled cells with a
combination of biotin-3.5-biotin (anti-d; Roes et al., 1995), allophyco-not or only rarely differentiate into B cells. We consider
cyanin±RA3.6B2 (anti-CD45R/B220), phycoerythrin±MB86 (anti-mb;the former possibility unlikely for the following reasons.
Nishikawa et al., 1986), and fluorescein±RS3.1 (anti-ma; SchuÈ ppelFirst, double-producing B cells can, in principle, survive
et al., 1987), washing, and counterstaining with Texas red±avidin
in the lymphoid compartment of the mouse, as demon- (Boehringer Mannheim). Cells were then analyzed using a dual laser-
strated in m chain transgenic mice (reviewed by Cohn dye laser cytometer (FACStar plus, Becton-Dickinson). Lympho-
and Langman, 1990; Lam et al., 1993; Imanishi-Kari et cytes were acquired through the lymphocyte gate by forward scatter
and side scatter characteristics. Dead cells and cells displaying IgDal., 1993) and heterozygous mMT mice (Kitamura and
on the cell surface were excluded from the analysis by staining withRajewsky, 1992). We have ourselves recently shown that
propidium iodine and anti-IgD antibody. Gating for newly generatedgene-targeted mice expressing different VHDHJH re- B cells of homozygous l5T mice was principally performed as the
arrangements from their IgH alleles have normal or close analysis of lymphocytes from F1 wild-type mice, except that lym-
to normal numbers of B cells in their peripheral B cell phocytes were directly acquired as CD45R/B2201IgMa1IgD2 and
compartment, and the vast majority of these cells ex- CD45R/B2201IgMb1IgD2 lymphocytes because of the low numbers
of such cells present in the bone marrow of these mutant mice.press both H chains (E. Sonoda, Y. Pewzner, D. Eilat,
and K. R., unpublished data). Second, and most impor-
Cell Sortingtantly, double producers are already undetectable in the
Cells were isolated by fluorescence-activated cell sorting using acompartment of newly generated B cells in the bone
FACStar plus (Becton Dickinson). Dead cells were excluded from
marrow of l5-deficient animals (Figure 2). the analysis by staining with propidium iodide. Splenic B cells were
We therefore believe that in the mutant animals the sorted as B2201IgM1 cells using antibodies phycoerythrin±RA3.6B2
(anti-CD45R/B220) and fluorescein±R33-24-12 (anti-m) or a combi-contribution of the allelically included progenitors to the
nation of allophycocyanin±RA3.6B2, fluorescein±MB86 (NishikawaB cell pool is negligible from the beginning onward. This
et al., 1986), and phycoerythrin±RS3.1 (SchuÈ ppel et al., 1987). CD431could be due to a failure of these cells to rearrange their
and CD432 B precursor fractions were sorted as describedby EhlichL chain gene loci efficiently, owing to the absence of
et al. (1994). B cell progenitor fractions are characterized by cell
an appropriate signal given by the pre-B cell receptor surface expression of markers CD43, CD45R/B220, HSA, and BP-1
(Iglesias et al., 1991; Tsubata et al., 1992). B cell genera- (fraction A, CD45R/B2201CD431HSA2BP-12; fraction B, CD45R/
B2201CD431HSA1BP-12; fraction C, CD45R/B2201CD431HSA1BP-tion in the mutant animals would thus depend on the
11; fraction D, CD45R/B2201CD432sIgM2; fraction E, CD45R/low level of L chain gene rearrangements that is known
B2201CD432sIgM1sIgD2). Macrophages were removed by stainingto occur independently of m chain expression (Kitamura
pooled bone marrow cells with M1/70.15.11-coupled (anti-MAC1;et al., 1992; Ehlich et al., 1993; Chen et al., 1993). Given
Springer et al., 1978) magnetic beads (Miltenyi Biotec), followed by
a limited lifespan of the CD431 progenitors, this may magnetic cell sorting using a MACS system (Miltenyi et al., 1990)
favor the appearance of B cells that are derived from or during the cell sorting procedure by staining with fluorescein±M1/
70.15.11. Sorted cells were washed by centrifugation in phosphate-young progenitor cells, which did not yet perform
buffered saline and stored as 5 ml aliquots (containing 1 3 104 toVH→DHJH rearrangements on both chromosomes. It has
2.5 3 104 cells) in 0.5 ml microtubes at 2208C.also been speculated that m chain expression from both
To obtain cytoplasmic m1 cells from fraction C, we sorted 1 3chromosomes may be toxic for the cell and may thus
105 B2201CD431HSA1BP-11 cells from either C57BL/6 mice or l5-
negatively interfere with further cellular differentiation deficient mice as described above. The gate for sorting cells of
(H chain toxicity; KoÈ hler, 1980; Wabl and Steinberg, fraction C was set in a way that even when gating on CD432 pre-B
cells, the latter cells should not enter the sorting gate. Theoretically,1982). The apparent counterselection of the Dm protein
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Table 4. Correlation between the Numbers of PCR Products and Cells per Sample
PCR products
Cells per sample Number of samples B1-8 1 T15 B1-8 T15 No product
1 97 0 37 39 21
2 85 27 20 29 9
even in the case of the highest possible contamination of CD431 (GCGAAGCTTCCCTGGGATATTGCAGCCCTC). Amplification was
done for 30 cycles (0.45 min at 948C, 1 min at 608C, 2.5 min at 728C).pre-B cells by CD432 pre-B cells, at most 3 of 19 cm1 cells analyzed
could have been derived from fraction D (data not shown). However, For the second round of PCR, 1.5 ml aliquots of the first round
reaction were transferred into seperate reactions, each containingsuch a contamination is unlikely, since the cells isolated appeared
CD431 on the cell surface. a single primer combination of a VH gene family-specific primer
(or DH-specific primer) and including a nested JH4A primer. MouseSorted cells were fixed in 2% formaldehyde, phosphate-buffered
saline (PBS) for 20 min at room temperature. After washing with embryonic stem cells served as negative controls in the PCR. Ampli-
fications from single cells that yielded more than two PCR productsPBS, cells were resuspended in PBS containing 1% bovine serum
albumin and 0.1% NaN3. Cells were bleached overnight and stained per cell were characterized by a third round of PCR and sequencing.
In those cases, the additional PCR products were shown to befor cytoplasmic m chains in the presence of 1% saponine (Sigma)
using the anti-m monoclonal antibody M41 (Leptin et al., 1984). After identical to the previously analyzed joints of the cell (due to cross-
hybridization of primers) or represented PCR artifacts. In none ofwashing, single cytoplasmic m1 cells were deposited into 0.5 ml
microtubes containing 20 ml PCR buffer (GIBCO BRL, 2.5 mM MgCl2) those cases were additional IgH rearrangements detectable, sup-
porting the finding of the control experiment that only one cell wassupplemented with 1 mg/ml rRNA from Eschericha coli (Boehringer),
frozen on dry ice, and stored at 2808C. sorted into each microtube (see below).
Isolation of DHJH- and VHDHJH Joints from B Cell Control Experiment to Confirm the Isolation
Precursor Populations and Splenic B Cells of Single Cells by FACS
Cell samples were lysed prior to the PCR by adding 20 ml PCR buffer Two mutant mouse strains were chosen that carried rearranged IgH
(10 mM Tris±HCl [pH 8.3], 50 mM KCl, 2.5 or 3.0 mM MgCl2, 100 chain V region genes introduced by gene targeting into the H chain
mg/ml gelatin), overlaying the sample with paraffin oil, and heating locus, replacing the JH locus (T15i mice, Taki et al., 1993; B1-8i mice,
it for 10 min at 968C. After digestion with proteinase K (0.5 mg/ml; E. Sonoda and K. R., unpublished data, containing a rearranged
Boehringer Mannheim) for 2 hr at 558C, cell samples were heated VH186.2 gene isolated from the hybridoma B1-8; Bothwell et al.,
again for 15 min to 968C to inactivate proteinase K. PCR buffer (25 ml) 1981). Of each of the two mouse strains homozygous for the intro-
containing 200 mM of each dNTP (final concentration; Pharmacia), duced H chain, 1 3 105 B2201CD431 bone marrow cells were sorted
10±20 pmol of primers, and 5 U Taq±polymerase (GIBCO BRL) was by FACS and mixed in a 1:1 ratio. Cells were fixed and stained for
added to the cell preparations. DHJH and VHDHJH joints were amplified cytoplasmic m chain expression as described above. Of these cells,
from cell lysates containing 1±2.5 3 104 sorted cells using PCR single cells as well as doublets were resorted into 0.5 ml microtubes
performed for 35 cycles using a Techne thermal cycler or a Biometra as previously described and VHDHJH rearrangements were amplified
thermal cycler. Each cycle consisted of 0.45 min at 948C, 1.15 min in a seminested PCR approach using the following primers: VHT15,
at 688C, and 1.30 min at 728C. The primers used in the reactions GCGAAGCTT(AT)CTGGAGGAGGCTTGGTGCAG; JH1E, ACGCTCTG
have been described earlier: 59 to DH (Gu et al., 1991a), VHJ558 AGATCCCGGGATCTGCAATATC; JH1A, CCCGTTTCAGAATGGAAT
genes (Gu et al., 1991b; used only for PCR of VHDHJH rearrangements GTGC; VHB1-8, GCGAAGCTTA(AG)GCCTGGG(AG)CTTCAGTGAAG;
derived from splenic B cells), 39 to JH1 (Weiss and Rajewsky, 1990), JH2E, GTGTCCCTAGTCCTTCATGAC; JH2A, ATGCAGTAAAATCTAT
and 39 to JH4 (Gu et al., 1991a). The primer specific for VHJ558 genes CTAAGCTG.
used for amplification of VHDHJH joints from sorted bone marrow B The outcome of this experiment is shown in Table 4, confirming
lineage cells was as follows: 59 primer VHJ558, 59-GCGAAGCT- that every microtube that should contain a single cell indeed showed
TA(AG)GCCTGGG(AG)CTTCAGTGAAG-39. DHJH rearrangements of only amplification of either of the expected PCR products.
CD431 B cell progenitors were isolated from cells of fractions A and
B in wild-type mice and of fractions A±C in l5T mice. DHJH and
DNA SequencingVHDHJH rearrangements of CD432 B lineage cells comprise joints
PCR products were gel-purified and cloned into PTZ19(R) vectorisolated from cells of fraction D and E, since RF usage in both
following digestion with the appropriate restriction enzymes. Bacte-fractions did not differ significantly (data not shown).
rial colonies (DH5a) containing DHJH or VHDHJH rearrangements wereTo facilitate the analysis of nonproductive joints isolated from
randomly picked, and DHJH as well as VHDHJH sequences were deter-splenic B cells of 129/Sv mice, we screened selectively for nonpro-
mined by radioactive sequencing of double-stranded plasmid DNAductive VHJ558DHJH1 joints by cloning the PCR products into the
following the protocol of the Sequenase kit (United States Biochemi-PstI±XbaI sites of the vector pTZ19(R) (Pharmacia), disrupting the
cal). PCR products obtained from single-cell PCR were gel-purifiedencoded lacZ a±peptide gene. With the ligated vector DNA, trans-
from ethidium-stained 1.2% agarose gels using Quiaex II gel extrac-formed bacteria (DH5a) were plated on dyt plates containing the
tion kit (Qiagen). Cycle sequencing was performed using the Readyselection marker ampicilin and IPTG/X-Gal. Colonies containing pro-
Reaction DyeDeoxyTerminator Cycle sequencing kit (Applied Bio-ductive VHDHJH rearrangements showed b-galactosidase activity
systems) following the instructions of the manufacturer and se-rendering the colonies blue, whereas colonies bearing a nonfunc-
quenced by automated sequencing (Applied Biosystems). Sequenc-tional VHDHJH joint cannot undergo lacZ a±peptide complementation
ing primers recognizing sequences downstream of the respectiveand appeared white.
JH genes were as described by Ehlich et al. (1994).
PCR Analysis of IgH Gene Rearrangements
from Single Cells Acknowledgments
To prepare genomic DNA for amplification, samples were overlaid
with paraffin oil and incubated for 1 hr with proteinase K (0.5 mg/ We are grateful to G. Zoebelein and C. GoÈ ttlinger for technical help,
U. Ringeisen for preparing the figures, and Dr. H. Kneser for discus-ml; Boehringer) at 558C. Then, proteinase K was inactivated at 968C
for 10 min. IgH gene rearrangement amplification was carried out sion. This work was supported by the Deutsche Forschungsgem-
einschaft through SFB 243, the Land Nordrhein-Westfalen, and thein two rounds: the first round contained all 59 primers and the JH4E
primer (3 pmol each) as described by Ehlich et al. (1994) and, in Human Frontier Science Program. D. LoÈ ffert was supported by a
fellowship from the Fonds der Chemie.addition, a 59 primer hybridizing to members of the VH8 gene family
Pre-B Cell Receptor±Mediated Allelic Exclusion
143
evidenced through Cre-loxP-mediated gene targeting. Cell 73,
1155±1164.Received October 26, 1995; revised December 26, 1996.
Haasner, D., Rolink, A., and Melchers, F. (1994). Influence of surro-
References gate L chain on DHJH-reading frame 2 suppression in mouse precur-
sor B cells. Int. Immunol. 6, 21±30.
Alt, F.W., and Baltimore, D. (1982). Joining of immunoglobulin heavy
Hardy, R.R., Carmack, C.E., Shinton, S.A., Kemp, J.D., and Haya-chain gene segments: implications from a chromosome with evi-
kawa, K. (1991). Resolution and characterization of pro-B and pre-dence of three D±JH fusions. Proc. Natl. Acad. Sci. USA 79, 4119± pro-B cell stages in normal mouse bone marrow. J. Exp. Med. 173,4122.
1213±1225.
Alt, F., Rosenberg, N., Lewis, S., Thomas, E., and Baltimore, D.
Ichihara, Y., Hayashida, H., Miyazawa, S., and Kurosawa, Y. (1989).(1981). Organization and reorganization of immunoglobulin genes
Only DFL16, DSP2, and DQ52 gene families exist in mouse immuno-in A-MuLV-transformed cells: rearrangement of heavy but not light
globulin heavy chain diversity gene loci, of which DFL16 and DSP2chain genes. Cell 27, 381±390.
originate from the same primordial DH gene. Eur. J. Immunol. 19,
Alt, F.W., Yancopoulos, G., Blackwell, T.K., Wood, C., Thomas, E., 1849±1854.
Boss, M., Coffman, R., Rosenberg, N., Tonegawa, S., and Baltimore,
Imanishi-Kari, T., Huang, C.A., Iacomini, J., and Yannoutsos, N.D. (1984). Ordered rearrangement of immunoglobulin heavy chain
(1993). Endogenous Ig production in mu transgenic mice. II. Anti-Igvariable region segments. EMBO J. 3, 1209±1219.
reactivity and apparent double allotype expression. J. Immunol. 150,
Bauer, S.R., and Scheuermann, R.H. (1993). Expression of the 3327±3346.
VpreB/l5/m pseudo-Ig complex correlates with downregulated Iglesias, A., Kopf, M., Williams, G.S., BuÈ hler, B., and KoÈ hler, G.
RAG-1 expression and V(D)J type recombination: a mechanism for (1991). Molecular requirements for the m-induced light chain gene
allelic exclusion at the IgH locus. Transgene 1, 33±45. rearrangement in pre-B cells. EMBO J. 10, 2147±2156.
Bothwell, A.L.M., Paskind, M., Reth, M., Imanishi-Kari, T., Rajewsky, Kaartinen, M., and MaÈ kelaÈ , O. (1985). Reading of D genes in variable
K., andBaltimore, D. (1981). Heavy chain variable region contribution frames as a source of antibody diversity. Immunol. Today 6,
to the b-NP family of antibodies: somatic mutation evident in a 324±330.
gamma-2a variable region. Cell 24, 625±637.
Kabat, E., Wu, T.T., Perry, H.M., Gottesman, K.S., and Foeller, C.
Cambier, J.C., Pleiman, C.M., and Clark, M.R. (1994). Signal trans- (1991). Sequences of Proteins of Immunological Interest (Washing-
duction by the B cell antigen receptor and its coreceptors. Annu. ton, D.C.: United States Department of Health and Human Services).
Rev. Immunol. 12, 457±486.
Karasuyama, H., Kudo, A., and Melchers, F. (1990). The proteins
Chang, Y., Paige, C.J., and Wu, G.E. (1992). Enumeration and char- encoded by the VpreB and l5 pre-B cell±specific genes can associ-
acterization of DJH structures in mouse fetal liver. EMBO J. 11, ate with each other and with m heavy chain. J. Exp. Med. 172,
1891±1899. 969±972.
Chen, J., Trounstine, M., Alt, F.W., Young, F., Kurahara, C., Loring, Karasuyama, H., Rolink, A., Shinkai, Y., Young, F., Alt, F.W., and
J.F., and Huszar, D. (1993). Immunoglobulin gene rearrangement in Melchers, F. (1993). The expression of VpreB/l5 surrogate light
B cell deficient mice generated by targeted deletion of the JH locus. chain in early bone marrow precursor B cells of normal and B cell±
Int. Immunol. 5, 647±656. deficient mice. Cell 77, 133±143.
Cohn, M., and Langman, R.E. (1990). The protecton: the unit of Kitamura, D., and Rajewsky, K. (1992). Targeted disruption of m
humoral immunity selected by evolution. Immunol. Rev. 115, 7±147. chain membrane exon causes loss of heavy-chain allelic exclusion.
Coleclough, C., Perry, R.P., Karjalainen, K., and Weigert, M. (1981). Nature 356, 154±156.
Aberrant rearrangements contribute significantly to the allelic exclu- Kitamura, D., Roes, J., KuÈhn, R., and Rajewsky, K. (1991). A B cell±
sion of immunoglobulin gene expression. Nature 290, 372±378. deficient mouse by targeted disruption of the membrane exon of
Ehlich, A., and KuÈ ppers. R. (1995). Analysis of immunoglobulin gene the immunoglobulin m chain gene. Nature 350, 423±426.
rearrangements in single B cells. Curr. Opin. Immunol. 7, 281±284. Kitamura, D., Kudo, A., Schaal, S., MuÈ ller, W., Melchers, F., and
Ehlich, A., Schaal, S., Gu, H., Kitamura, D., MuÈ ller, W., and Rajewsky, Rajewsky, K. (1992). A critical role of the l5 protein in B cell develop-
K. (1993). Immunoglobulin heavy and light chain genes rearrange ment. Cell 69, 823±831.
independently at early stages of B cell development. Cell 72, KoÈ hler, G. (1980). Immunoglobulin chain loss in hybridoma lines.
695±704. Proc. Natl. Acad. Sci. USA 77, 2197±2199.
Ehlich, A., Martin, V., MuÈ ller, W., and Rajewsky, K. (1994). Analysis Lafaille, J.J., DeCloux, A., Bonneville, M., Takagaki, Y., and Toneg-
of the B cell progenitor compartment at the level of single cells. awa, S. (1989). Junctional sequences of T cell receptor gd T cell
Curr. Biol. 4, 573±583. lineages and for a novel intermediate of V±(D)±J joining. Cell 59,
Feeney, A.J. (1990). Lack of N-regions in fetal and neonatal mouse 859±870.
immunoglobulin V±D±J junctional sequences. J. Exp. Med. 172, Lam, K.P., Herzenberg, L.A., and Stall, A.M. (1993). A high frequency
1377±1390. of hybridomas from M54 mu heavy chain transgenic mice initially
Grawunder, U., Leu, T.M.J., Schatz, D.G., Werner, A., Rolink, A.G., co-express transgenic and rearranged endogenous mu genes. Int.
Melchers, F., and Winkler, T.H. (1995). Down-regulation of RAG1 and Immunol. 5, 1011±1022.
RAG2 gene expression in preB cells after functional immunoglobulin Langman, R.E., and Cohn, M. (1987). The E±T (Elephant±Tadpole)
heavy chain rearrangement. Immunity 3, 601±608. paradox necessitates the concept of a unit of B-cell function: the
Gu, H., FoÈ rster, I., and Rajewsky, K. (1990). Sequence homologies, protecton. Mol. Immunol. 24, 675±697.
N sequence insertion and JH gene utilization in VHDHJH joining: impli- Lassoued, K., Nunez, C.A., Billips, L., Kubagawa, H., Monteiro, R.C.,
cations for the joining mechanism and the ontogenetic timing of LeBien, T.W., and Cooper, M.D. (1993). Expression of surrogate light
Ly1 B cell and B-CLL progenitor generation. EMBO J. 9, 2133±2410. chain receptors is restricted to a late stage in pre-B cell differentia-
Gu, H., Kitamura, D., and Rajewsky, K. (1991a). B cell development tion. Cell 73, 73±86.
regulated by gene rearrangement: arrest of maturation by mem- Lennon, G.G., and Perry, R.P. (1985). Cm-containing transcripts initi-
brane-bound Dm protein and selection of DH reading frames. Cell ate heterogeneously within the IgH enhancer region and contain a
65, 47±54. novel 59-nontranslatable exon. Nature 318, 475±478.
Gu, H., Tarlinton, D., MuÈ ller, W., Rajewsky, K., and FoÈ rster, I. (1991b). Leptin, M., Potash, M.J., GruÈ tzmann, R., Heusser, C., Shulman, M.,
Most peripheral B cells in mice are ligand selected. J. Exp. Med. KoÈ hler, G., and Melchers, F. (1984). Monoclonal antibodies specific
173, 1357±1371. for murine IgM. I. Characterization of antigenic determinants on the
four constant domains of the m heavy chain. Eur. J. Immunol. 14,Gu, H., Zou, Y.-R., and Rajewsky, K. (1993). Independent control of
immunoglobulin switch recombination at individual switch regions 534.
Immunity
144
Lin, W.-C., and Desiderio, S. (1994). Cell cycle regulation of V(D)J Spanopoulou, E., Roman, C.A.J., Corcoran, L.M., Schlissel, M.S.,
Silver, D.P., Nemazee, D., Nussenzweig, M.C., Shinton, S.A., Hardy,recombination-activating protein RAG-2. Proc. Natl. Acad. Sci. USA
91, 2733±2737. R.R., and Baltimore, D. (1994). Functional immunoglobulin transgenes
guide ordered B-cell differentiation in Rag-1-deficient mice. GenesLin, W.-C., and Desiderio, S. (1995). V(D)J recombination and the
Dev. 8, 1030±1042.cell cycle. Immunol. Today 16, 279±289.
Springer, T., GalfreÁ , G., Secher, D.S., and Milstein, C. (1978). Mono-LoÈ ffert, D., Schaal, S., Ehlich, A., Hardy, R.R., Zou, Y.-R., MuÈ ller, W.,
clonal xenogeneic antibodies to murine cell surface antigens: identi-and Rajewsky, K. (1994). Early B cell development in the mouse:
fication of novel leukocyte differentiation antigens. Eur. J. Immunol.insights from mutations introduced by gene targeting. Immunol.
8, 539±551.Rev. 137, 135±153.
Takemori, T., Mizuguchi, J., Miyazoe, I., Nakanishi, M., Shigemoto,Manz, J., Denis, K., Witte, O., Brinser, R., and Storb, U. (1988).
K., Kimoto, H., Shirasawa, T., Maruyama, N., and Taniguchi, M.Feedback inhibition of immunoglobulin gene rearrangement by
(1990). Two types of m chain complexes are expressed during differ-membrane m, but not by secreted m heavy chains. J. Exp. Med. 168,
entiation from pre-B to mature B cells. EMBO 9, 2493±2500.1363±1381.
Taki, S., Meiering, M., and Rajewsky, K. (1993). Targeted insertionMeek, K. (1990). Analysis of junctional diversity during B lymphocyte
of a variable region gene into the immunoglobulin heavy chain locus.development. Science 250, 820±823.
Science 262, 1268±1271.
Miltenyi, S., MuÈ ller, W., Weichel, W., and Radbruch, A. (1990). High
Tonegawa, S. (1983). Somatic generation of antibody diversity. Na-gradient magnetic cell separation with MACS. Cytometry 11,
ture 302, 575±581.231±238.
Tsubata, T., and Reth, M.G. (1990). The products of the pre-B cell±Nishikawa, S.-I., Sasaki, Y., Kina, T., Amagai, T., and Katsursa, Y.
specific genes (l5 and VpreB) and the immunoglobulin m chain form(1986). A monoclonal antibody against IgH6±4 determinant. Immu-
a complex that is transported onto the cell surface. J. Exp. Med.nogenetics 1392.
172, 973±976.
Nishimoto, N., Kubagawa, H., Ohno, T., Gartland, G.L., Stankovic,
Tsubata, T., Tsubata, R., and Reth, M.G. (1991). Cell surface expres-A.K., and Cooper, M.D. (1991). Normal pre-B cells express a receptor
sion of the short immunoglobulin m chain (Dm protein) in murine pre-complex of m heavy chains and surrogate light-chain proteins. Proc.
B cells is differently regulated from that of the intact m chain. Eur.Natl. Acad. Sci. USA 88, 6284±6288.
J. Immunol. 21, 1359±1363.
Nussenzweig, M.C., Shaw, A.C., Sinn, E., Danner, D.B., Holmes,
Tsubata, T., Tsubata, R., and Reth, M.G. (1992). Crosslinking of theK.L., Morse, H.C., III, and Leder, P. (1988). Allelic exclusion in
cell surface immunoglobulin (m-surrogate light chains complex) ontransgenic mice that express the membrane form of immunoglobulin
pre-B cells induces activation of V gene rearrangements at the im-m. Science 236, 816±819.
munoglobulin k locus. Int. Immunol. 4, 637±641.
Oancea, A., and Shulman, M.J. (1993). Allelic exclusion model ques-
van Gent, D.C., Fraser McBlane, J., Ramsden, D.A., Sadofsky, M.J.,tioned (II). Nature 359, 371.
Hesse, J.E., and Gellert, M. (1995). Initiation of V(D)J recombination
Oettinger, M.A., Schatz, D.G., Gorka, C., and Baltimore, D. (1990). in a cell-free system. Cell 81, 925±934.
RAG-1 and RAG-2, adjacent genes that synergistically activate V(D)J
Wabl, M., and Steinberg, C. (1982). A theory of allelic and isotypicrecombination. Science 248, 1517±1522.
exclusion for immunoglobulin genes. Proc. Natl. Acad. Sci. USA 79,
Papavasiliou, F., Misulovin, Z., Suh, H., and Nussenzweig, M.C. 6976±6978.
(1995). The role of Igb in precursor B cell transition and allelic exclu-
Wabl, M., and Steinberg, C. (1993). Allelic exclusion model ques-sion. Science 268, 409±411.
tioned (I). Nature 359, 370±371.
Pillai, S., and Baltimore, D. (1987). Formation of disulfide-linked m2v2
Walfield, A., Selsing, E., and Storb, U. (1981). Misalignment of V andtetramers in pre-B cells by the 18 KD v-immunoglobulin light chain.
J gene segments resulting in a nonfunctional immunoglobulin gene.Nature 329, 172±174.
Nucl. Acids Res. 9, 1101±1109.
Rajewsky, K. (1992). Early and late B-cell development in the mouse.
Weaver, D., Costantini, F., Imanishi-Kari, T., and Baltimore, D. (1985).Curr. Opin. Immunol. 4, 171±176.
A transgenic immunoglobulin mu gene prevents rearrangement of
Rajewsky, K., Ehlich, A., MuÈ ller, W., Taki, S., and Kitamura, D. (1993). endogenous genes. Cell 42, 117±127.
Allelic exclusion model questioned (III). Nature 359, 371±372.
Weiss, U., and Rajewsky, K. (1990). The repertoire of somatic anti-
Reichman-Fried, M., Bosma, M.J., and Hardy, R.R. (1993). B-lineage body mutants accumulating in the memory compartment after pri-
cells in m-transgenic scid mouse proliferate in response to IL-7 but mary immunization is restricted through affinity maturation and mir-
fail to show evidence of immunoglobulin light chain gene re- rors that expressed in the secondary response. J. Exp. Med. 172,
arrangement. Int. Immunol. 5, 303±310. 1681±1689.
Reth, M.G., and Alt, F.W. (1984). Novel immunoglobulin heavy chains Winkler, T.H., Rolink, A., Melchers, F., and Karasuyama, H. (1995).
are produced from DJH gene segment rearrangements in lymphoid Precursor B cells of mouse bone marrow express two different
cells. Nature 312, 418±423. complexes with the surrogate light chain on the surface. Eur. J.
Immunol. 25, 446±450.Reth, M.G., Ammirati, P., Jackson, S., and Alt, F.W. (1985). Regulated
progression of a cultured pre-B-cell line to the B-cell stage. Nature Young, F., Ardman, B., Shinkai, Y., Lansford, R., Blackwell, T.K.,
317, 353±355. Mendelsohn, M., Rolink, A., Melchers, F., and Alt, F.W. (1994). Influ-
ence of immunoglobulin heavy- and light chain expression on B-Roes, J., MuÈ ller, W., and Rajewsky, K. (1995). Mouse-anti-mouse-
cell differentiation. Genes Dev. 8, 1043±1057.IgD monoclonal antibodies generated in IgD-deficient mice. J. Im-
munol. Meth. 183, 231±237.
GenBank Accession NumbersRolink, A., and Melchers, F. (1991). Molecular and cellular origins
of B lymphocyte diversity. Cell 66, 1081±1094.
The nucleotide sequence data of the IgH rearrangements reported
Rusconi, S., and KoÈ hler, G. (1985). Transmission and expression of
in Table 3 will appear in the EMBL, GenBank, and DDBJ nucleotide
a specific pair of rearranged immunoglobulin m and k genes in a
sequence databases under the accession numbersX96001±X96371.
transgenic mouse line. Nature 314, 330±334.
Schatz, D.G., Oettinger, M.A., and Baltimore, D. (1989). The V(D)J
recombination activating gene, RAG-1. Cell 59, 1035±1048.
SchuÈ ppel, R., Wilke, J, and Weiler, E. (1987). Monoclonal anti-allo-
type antibody towards BALB/c IgM: analysis of specificity and site
of a V±C crossover in recombinant strain BALB-IgH-Va/IgH-Cb. Eur.
J. Immunol. 17, 739±741.
